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Abstract
In this study, we investigated forecast errors of the global horizontal irradiance (GHI) of the numerical weather prediction 
model developed by the Japan meteorological Agency (JMA) based on the surface-observed data at the JMA stations. We found 
seasonal variations of forecast errors of the GHI values. From the information of forecast errors, we tried to estimate the 
confidence intervals of the hourly GHI values. We also compared with results in both for a pinpoint forecast and relatively wide-
area forecast. About 68% of the reduction of confidence intervals for the wide-area forecasts compared with the results for the
pinpoint forecast is confirmed.
© 2014 The Authors. Published by Elsevier Ltd.
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1. Introduction
Massive photovoltaic (PV) systems have been installed in Japan Islands after the introduction of the Feed-in-
Tariff in 2012. For an energy management system (EMS) of electric power generations (including thermal power 
generators, many PV power systems and other renewable energies systems), the forecast of the PV power production 
is a crucial technology. Recently numerical weather predictions (NWPs) have been applied in order to forecast the 
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PV power production. [1] forecasted the PV power production based on the grid point values from the NWP 
developed by the Japan Meteorological Agency (JMA) and validated the forecasted PV power production using the 
observations of the PV power productions. However, the forecast values invariably have forecast errors for each 
modeling system. Therefore, we have to use the forecast data while taking into account its errors.
In the recent study, we found that the forecasted values of the global horizontal irradiance (GHI) from a
mesoscale model (MSM, [2]) of the JMA have two systematical forecast errors [3]; the first is that forecast values of 
the GHI are depended on the clearness indices, which are defined as the normalized GHI values divided by the 
extraterrestrial solar irradiance. The second is that forecast errors have seasonal variations; an overestimation of the 
GHI forecasts is found in winter while an underestimation of those is found in summer. Based on the validation of 
GHI forecasts, [4] tried to improve the GHI forecast while modifying the cloud scheme in the MSM associated with 
the optical thickness of clouds and aerosols.
The range of the errors of hourly GHI forecasts is also important, since confidence intervals of the GHI forecasts, 
are of great significance for the EMS by an electric company. On the PV systems, confidence intervals of the GHI 
forecasts are required for a pinpoint area or a relatively wide area in order to control these power systems efficiently.
In this study, forecast errors of GHI values obtained from the MSM developed by the JMA are investigated. From 
the information of forecast errors, we tried to estimate the confidence intervals for each hourly GHI forecast value
for the pinpoint forecast. We also estimated the confidence intervals while taking a spatial-smoothing effect for a 
wide area (e.g. [5]), the region of the Tokyo Electric Company (TEPCO) into consideration.
2. The model
We analyzed the forecasts from the operational NWP in Japan, the MSM, developed by the JMA. This model is a 
non-hydrostatic model. The time integration of the MSM is 33 hours for 03, 09, 15, 21 UTC, respectively. For the 
initial conditions, the 4-D VAR are used to include a various types of observational data ([6]). The forecast of the 
GHI are outputted at every hour. Microphysical processes in this model are based on the 3-ice (cloud ice, snow and 
graupel) bulk, one-moment parameterization ([7]). Radiation processes are calculated at the intervals of 15 minutes. 
In the MSM, however, the products of the GHI are produced as the averaged values in the period from the previous
one hour to the target time. The model domain is shown in Fig.1a (gray shaded region). The model domain covers
all of the area of the Japan islands. In this study, we focused on a target area, the Kanto region, center part of Japan 
islands (Fig. 1b). Blue dots are model grids within a target area in this study which is also representing the 
electricity supply network in TEPCO region. The scale of topography is shown at the bottom of Fig. 1b.
Fig. 1. (a) Model domain of MSM; (b) the close-up views for the TEPCO area.
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3. The observational data
Surface GHI have been measured by the pyranometers at the JMA stations. Analysis period in this study is the 
period of the five years from 2008 to 2012. The pyranometers of both Kipp & Zonen CM 3, CM 21 and CMP 22
and EIKO MS 62 at the whole of the JMA stations were used for the operational observations of the GHI from 2008 
to 2011. However, almost all pyranometers are replaced by the EIKO MS 402 since the middle of 2011.
The number of the JMA stations where the GHI values were observed is six (Tokyo, Tsukuba, Utsunomiya, 
Maebashi, Choshi and Kofu) in the TEPCO areaand its locations are shown by the red squares in Fig. 1b. The 
JMA performed a cleaning of the glass dome of these pyranometers installed at the JMA stations at the interval of 
one week. Therefore, the GHI observation datasets are the most high-quality in Japan. In this study, we used the 
observational data from the JMA for the model validation.
4. Forecast errors
4.1. Seasonal variation
We investigated seasonal change of forecast errors of the GHI values obtained from the MSM. The previous 
study of [3] indicated that the forecast errors of the GHI in this model depended on cloud types, which observed by 
the direct monitoring by the JMA operational staff. [3] reported that forecast errors also has seasonal variations. 
In this study, we analyzed the relationship between forecast errors of the GHI observations and weather 
conditions. Here, we defined the weather conditions as a clearness index. Therefore, we made the box-plots of its
relationship. The clearness index is defined as a ratio (CI = I/Iext) in both the GHI values at the surface and the GHI 
values (I) at the extra-terrestrial GHI at the top of the atmosphere (Iext). Figure 2 shows the results for the four 
seasons at the pinpoint forecast for Tsukuba station. Each box includes the 80% of the GHI values at each clearness 
index and each bar means the maximum and minimum forecast errors, respectively. We divided a year into four 
seasons: winter (from December to February, DJF), spring (from March to May, MAM), summer (from June to 
Fig.2 Relationship of GHI values between the clearness indices (CI) and forecast errors at each season.
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August, JJA) and autumn (from September to November, SON), respectively. Solid lines at each panel show the 
number of analyzed data at each clearness index (right axis).
From the characteristics obtained in Fig. 2, we found seasonal variations of the relationship between forecast 
errors of the GHI values and the clearness index forecasted by the MSM. The relatively positive biases from the 
winter to spring season are found while in summer, the negative biases are significant. In the spring season (Fig. 2b), 
the positive biases are significant for the relatively higher CI conditions (optical thin clouds conditions). On the 
other hand, the negative biases in summer are clearly found in the middle part of the CI conditions (Fig. 2c).
Next, we made the box plots for the TEPCO area (Fig. 3) using the same method. Before making these plots,
however, the observational data for the six JMA stations were averaged. Similarly, the model outputs at each grid
were averaged within the TEPCO area (1428 grids, Fig. 1b), respectively. Compared to the results for the pinpoint 
forecast (Fig. 2), ranges of forecast errors at each season are decreased due to the spatial-smoothing in the TEPCO
area.
4.2. Statistical evaluation
For the summer of 2010, we compared the statistical evaluation of forecast errors for both the pinpoint forecast
(Tsukuba station, Table 1) and the area analysis (TEPCO area, Table 2). Tables mean forecast errors (MBE, MAE 
and RMSE) of GHI values at different initial times (03, 09, 15 and 21 UTC) for the pinpoint forecast (Tsukuba 
station). (a) winter (DJF), (b) spring (MAM), (c) summer (JJA) and (d) autumn (SON), respectively. Where, we 
defined the three parameters by the following equations (1)-(3), 
MBE = σ(ܨܥܵܶ െ ܱܤܵ)                                                                                                                                       (1)
MBA = σ|ܨܥܵܶ െ ܱܤܵ|                                                                                                                                        (2)
RMSE = σ(ܨܥܵܶ െ ܱܤܵ)ଶ                                                                                                                                   (3)
Fig. 3 . Same as Fig. 2, but for area analysis (TEPCO region).
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From the comparison of RMSE, 20–30% reduction of RMSE values for the wide area forecasts (135.8 W/m2 at 
03 UTC initial time) are found compared with the pinpoint forecasts (102.8 W/m2 at same initial time).
Table. 1. Forecast errors of GHI values at different initial times for the pinpoint forecasts (Tsukuba station)
Tsukuba  (pinpoint)  
2010 / JJA MBE  (W/m2) MAE  (W/m2) RMSE  (W/m2)
03 UTC INIT -49.3 96.0 135.9
09 UTC INIT -57.4 94.1 139.2
15 UTC INIT -52.4 89.4 131.7
21 UTC INIT -39.5 83.7 124.8
Table. 2. Same as Table 1, but for TEPCO area.
Tsukuba (TEPCO area) 
2010 / JJA MBE  (W/m2) MAE  (W/m2) RMSE  (W/m2)
03 UTC INIT -43.5 72.7 102.8
09 UTC INIT -48.6 76.2 108.6
15 UTC INIT -48.7 74.6 109.2
21 UTC INIT -42.0 73.8 105.4
5. Estimation of confidence intervals
5.1. Methodology
In this subsection, we estimated the confidence intervals for the hourly GHI values for a target day. In section 4, 
we investigated the characteristics of forecast errors of the GHI values and found the clearly relationship between 
the forecast errors and the weather conditions (CI). From the information of its relationship, we made the look-up 
tables among the forecast errors of the GHI values and the CI. Using the look-up tables, we put the confidence 
intervals at hourly GHI values.
5.2. Case study
Figure 4 shows comparison of time series of GHI values of both observations (solid black circles) and forecasts 
(blue solid circles) obtained from the MSM with 80% confidence intervals (boxes), maximum and minimum values 
(bars) on 17 October 2012. Solid grey circles indicate extra-terrestrial solar irradiance at the top of atmosphere. In 
this case, the observed GHI values have the large variability in the time zone from 9 AM to 2 PM. However, 
forecasted GHI values obtained from the MSM could not reproduce the large variability and showed the smooth 
variations. We add confidence intervals of the GHI forecasts obtained from look-up tables of the forecast errors 
(box-plots, blue boxes and bars) to time series of MSM forecasts for each hour. From the results, MSM forecasts
with confidence intervals almost cover the large variability of GHI observations (93% of hours of daytime), except 
for the forecast of 12 JST (JST means Japanese local standard time).
However, the characteristics of clearness index are also dependent on the time range during a day (i.e., early 
morning, daytime and evening time). If we took the preparation of similar look-up table (the box-plots) every hour
into consideration, more reduction of confidence intervals of the GHI forecasts would be expected.
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Next, we estimated the range of confidence intervals for the relative wide area over the TEPCO region (Fig. 5) at 
the same method for the pinpoint forecast. We used the look-up tables of the box-plots of forecast errors every 
season obtained from Fig. 3. For the observations, the observational data from the six JMA stations were averaged 
every hour. When we focus on each hour, the reduction of the range of forecast errors are confirmed compared with 
the results for the pinpoint forecast (Fig. 4). When calculating the accumulated area of confidence intervals for each 
hour (“BOX” values of 3.8 kW/m2 in Fig.5), a reduction of about 68% of confidence intervals was found compared 
to the pinpoint forecast (“BOX” values of 5.6 kW/m2 in Fig. 4).
6. Summary
In this study, we investigated the range of the errors of the hourly GHI forecasts obtained from the MSM 
developed by the JMA. Forecast errors of the GHI values had seasonal variations (underestimation in summer and 
Fig. 4. Time series of GHI values of both observations and forecasts for the pinpoint forecast.
Fig. 5. Same as Fig. 4, but for the wide area (TEPCO region).
284   Hideaki Ohtake et al. /  Energy Procedia  59 ( 2014 )  278 – 284 
overestimation during the period from the winter to spring). Moreover, the relationship between forecast errors and 
clearness indices every season were clearly shown. From the information of forecast errors, we tried to estimate the 
confidence intervals of the GHI values for hourly forecasts.
Firstly, we analysed the relationship between forecast errors and clearness indices (box-plots shown in Fig. 2),
which is defined by the ratio of hourly GHI values against an extra-terrestrial solar irradiance, for the four different 
seasons. Next, we made the look-up table of its relationship at each season. We estimated confidence intervals every
hourly GHI values from the look-up table.
For the relatively wide area (electricity supply network in TEPCO region), we also made the look-up table 
between forecast errors of GHI forecasts and clearness indices by the same method (box-plots shown in Fig. 3).
Observations and forecasts data of the GHI values were averaged during the six JMA stations and model grids in the
TEPCO region, respectively (i.e., spatial-smoothing).
We took a case study on large errors of the GHI forecasts. We confirmed that the spatial-smoothing effect also 
caused the decline of the range of confidence intervals of hourly GHI forecasts (the reduction of approximately 68%
compared with for the pinpoint forecast). 
In this study, we verified the reduction of confidence intervals at each hour on a case study. Furthermore 
evaluations of confidence intervals are required for the different weather conditions. For more credible estimation of 
confidence intervals of the GHI forecasts, it is required to consider the location of the installed PV systems or its 
capacity over the region. 
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